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In this work, we design and study a highly sensitive beam steering device that integrates a spiral plasmonic 
antenna with a subwavelength metallic waveguide. The short effective wavelength of the surface plasmon 
polaritons (SPPs) mode supported by the metallic waveguide is exploited to dramatically miniaturize the 
device and improve the sensitivity of the beam steering. Through introducing a tiny displacement of feed 
point with respect to the geometrical center of the spiral plasmonic antenna, the direction of the radiation 
can be steered at considerably high angles. Simulation results show that steering angles of 8 ° , 1 7 ° and 34 ° are 
obtainable for a displacement of 50 nm, 100 nm and 200 nm, respectively. Benefiting from the reduced 
device size and the shorter SPP wavelength, the beam steering sensitivity of the beam steering is improved by 
10-fold compared with the case reported previously. This miniature plasmonic beam steering device may 
find many potential applications in quantum optical information processing and integrated photonic 
circuits. 

Plasmonic antennas can efficiently convert light from free space into sub-wavelength volumes and vice versa, 
facilitating the manipulation of light at nanoscale 1 . Unlike dielectric optics that is bound by the diffraction 
limit, plasmonic antennas have the ability to pack energy into a joint resonance of the photon and the free 
electrons in the metal. Consequently, plasmonic antennas are considered as the ideal structures to interface single 
emitters and single photons 2 " 4 , with the ability of interrogating a single molecule with a single quantum of light, or 
collecting a photon emitted by a single emitter. 

Recent advances in plasmonic antennas offer tremendous opportunities to control the emission characteristics 
from nanoscale quantum emitters. Plasmonic antennas with this sort of functionality is also referred to as optical 
transmitting antennas that efficiently convert the localized feeding energy to free space propagating optical 
radiation 5 . By coupling nanoscale emitters to plasmonic antennas, the properties of the SPPs resonance in the 
vicinity of the emitters are imprinted to and carried by the emitted photons from the emitters. Taking advantages 
of the classical antenna theory that was proven still useful at optical frequency 6 , a variety of antenna configura- 
tions are designed to realize certain desired far-field radiation characteristics. For examples, Yagi-Uda antenna 6 ' 7 , 
bull's eye antenna 8 , and cross antenna 9 have been demonstrated to control the characteristics of photons emission 
from quantum emitters in terms of intensity, directivity and polarization. 

Besides these far field radiation characteristics, the capability of steering the photon emission direction is highly 
desirable with many potential applications. Several methods have been reported to control the emission direction 
via changing the groove -to -center distance of the plasmonic antenna 10 or the dipole-to-surface distance 11 . 
However, the practicality of these methods is limited by the fixed steering angle or low directivity. Recently, a 
technique using spiral plasmonic antenna has been demonstrated with the ability of tailoring the properties of 
emitted photons holistically in terms of not only intensity, directivity and polarization but also orbital angular 
momentum as well as emission direction 512 " 14 . Dynamical beam steering is realized by introducing a displacement 
between the feed point (i.e. excitation location of nano emitters) and the geometrical center of the spiral antenna. 
For a displacement of 500 nm, steering angle of 7° has been experimentally demonstrated 12 . Although the steering 
angle increases with the displacement, the emission pattern eventually deteriorate for large displacement due to 
the finite antenna aperture size. Therefore, this method has limitations for applications that require a wider range 
of the steerable emission direction. In this paper, we present a novel approach to realize a miniature wide-angle 
beam steering device through integrating a spiral plasmonic antenna with a metallic waveguide. A theoretical 
model and three-dimensional (3D) finite element method (FEM) models are developed to analyze the function- 
alities of the device and yield an in-depth understanding of the beam steering mechanism. The results show that 
the sensitivity of the beam steering can be significantly improved, leading to a larger steering angle with a smaller 
amount of required displacement to the feed point. Besides, compared with the previous design 12 , the dimension 
of the novel beam steering device can be reduced by more than the half. 
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Results 

Physical mechanism. The beam steering mechanism can be 
explained by the interference of the transmitted waves from the 
optical antenna 12 . Considering an electric dipole placed over an 
antenna, the field emitted from the dipole excites SPPs on the 
antenna surface, serving as the feed to the antenna. Depending on 
whether the dipole is placed in free space or in confined geometries, 
the SPP excitation may be primarily attributed to the propagating or 
the evanescent fields emitted from the dipole, respectively. The 
optical path difference (OPD) Al from the diametrically opposing 
sides of the antenna is calculated to be Al = 2Ar X k 0 lk spp , where Ar 
is the displacement of the dipole from the geometrical center of the 
antenna, X spp and 1 0 are the wavelengths of the SPPs on the antenna 
surface and optical emission in the free space, respectively. When the 
dipole is displaced from the center, an overall wavefront tilt is 
developed due to the non-zero OPD, leading to a shift of the far- 
field radiation peak from the normal direction with a steering angle 

0= sm-\Al/D), (1) 

where D is the aperture size of the antenna. This simple analytical 
model provides important insight into the beam steering 
characteristics of the spiral antenna. Given the monochromatic 
optical wavelength and displacement, it can be seen from equation 
(1) that the sensitivity of the steering angle (AO/Ar) can be enhanced 
by either decreasing the aperture size D or increasing k spp . However, 
the beam steering effect is referred to the far field of the radiation 
from the dipole coupled antenna, thus the aperture size need to be 
large enough with respect to the wavelength of the SPPs, otherwise 
the beaming effect quickly deteriorates once the excitation moves 
away from the center. Thus, the minimal aperture size is propor- 
tional to the SPPs wavelength. This points out a potential way to 
enhance the steering sensitivity by decreasing the wavelength of SPPs 
on the antenna surface, which gives rise to an increasing numerator 
and decreasing denominator of equation (1) simultaneously. 

Demonstration of the feasibility to increase beam steering sensi- 
tivity by decreasing SPPs wavelength. The dispersion relation of the 
SPPs propagating at the dielectric/metal interface can be expressed 
as 15 : 

Kl = V 1 V £ mW0m+£j), (2) 

where s m and s d are the relative permittivity of the metal and 
dielectric, respectively. A simple way to decrease the SPPs 
wavelength is to use dielectric material with higher index of 
refraction. To prove the relationship between the SPP wavelength 
and the steering angle, a three-dimensional geometry has been 
modeled using commercial FEM software (COMSOL). As shown 
in Fig. 1, a 2-turn right-hand Archimedes' spiral slot with slot 
width of 40 nm is etched through a 150 nm gold film on a ZnS 
substrate (n = 2.26). The slot is filled with the same dielectric. The 
thickness of the spiral antenna is kept unchanged throughout this 
work. In the cylindrical coordinates, a right-handed-spiral (RHS) can 
be expressed as r = r 0 -A(p/(2n), where A equals the SPP wavelength 
on the planar Au/ZnS interface and r 0 denotes the distance from the 
geometrical center to the innermost slot. An electric dipole is 
imbedded in the substrate with 10 nm below the Au/ZnS interface. 
The emission wavelength of the dipole is assumed to be 633 nm. The 
index of refraction of gold at this wavelength is 0.197 + 3.0908/ 16 . It 
has been demonstrated experimentally that a spiral antenna with r 0 
equals to 5^ spp provides sufficient beaming effect 12 . 

Compared with the case of placing dipole on an Au/Air interface 12 , 
r 0 can be reduced from 3 /nm to 1 /nm in this case as the SPPs wave- 
length at the Au/ZnS interface (190 nm) is much smaller than that at 
the Au/Air interface (598 nm), leading to a smaller beaming device. 




Figure 1 | Diagram of a beam steering device consists of spiral plasmonic 
antenna and ZnS substrate. The inset shows the cross section indicated by 
the dashed box. An electric dipole is imbedded in the substrate and located 
10 nm below the Au/ZnS interface. The red arrow indicates the 
oscillation direction of the dipole. 

The transverse dimension of the device is less than 4 /mi, which is 
58% smaller than the previous design 12 . The Fig. 2(a) and 2(b) show 
the angular radiations in x-z and y-z planes when the dipole is placed 
at the geometrical center of the spiral antenna. The radiation peaks at 
0°, normal to the antenna surface. The emission pattern is highly 
directional, with full-width-half-maximal (FWHM) of 11.4° and 
11.8° in x-z and y-z planes, respectively. By adding more turns of 
the spiral, the angular width of the radiation emission can be further 
reduced 5 . Figure 2(c) shows the angular radiations in x-z plane when 
the dipole is displaced along x axis from the center by 50 nm. As 
expected, the emission peak shifts from the normal direction by 8°. 
The steering angle further increases to 16° when the displacement is 
100 nm (shown in Fig. 2(d)). These results agree very well with the 
theoretical predictions using equation (1), which are calculated to be 
7.4° and 15.0° for displacements of 50 nm and 100 nm, respectively 
(D is nearly 2.6 fim). Compared with the case reported previously 12 , 
the beam steering sensitivity is increased by 10 folds, benefiting from 
both a shorter SPP wavelength and a reduced antenna size. In addi- 
tion, the emission pattern is well maintained and the angular width of 
the radiation basically remains constant. Similar phenomena are 
observed for electric dipole with y- directional displacement. In this 
case, the steering angles are 7° and 16° when the dipole is moved 
along y axis for 50 nm and 100 nm, respectively (shown in Fig. 2(e) 
and 2(f)). In summary, these numerical simulations confirm that the 
steering angle strongly depends on the wavelength of SPPs and the 
sensitivity of the beaming direction can be improved by decreasing 
the wavelength of SPPs. In addition, the validity of the theoretical 
model is proved and it provides a rough but quick estimation of the 
steering angle of the far-field emission. 

Composite beam steering device design. In recent years, SPPs based 
photonic devices such as waveguide 17 , reflector 18 and beam splitters 19 
have gained increasing research interest. Among SPPs waveguides, 
metal-insulator-metal (MIM) configuration is very promising for 
compact photonic integration 2021 , plasmonic splitter 22 , etc. As the 
insulator layer of MIM waveguide is too thin to support photonic 
modes, the excited dipole decay radiatively only by direct near-field 
coupling to plasmonic transverse magnetic modes. More impor- 
tantly, extremely small SPP wavelength can be achieved even for 
excitation well below SPPs frequency, provided that the dielectric 
core is sufficiently thin 23 . Therefore, a carefully designed metallic 
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Figure 2 | Angular radiation patterns for beam steering device consists of spiral plasmonic antenna and ZnS substrate with different displacements. 

For zero displacement: (a, b) line-scans in the x-z and y-z planes. For x-directional displacements of 50 nm, 100 nm, 150 nm and 200 nm: (c, d, g, h) line- 
scans in the x-z plane. For y-directional displacements of 50 nm and 100 nm: (e, f) line-scans in the y-z plane. 

waveguide substituting the role of ZnS substrate described above can 
provide even higher steering sensitivity and further reduce the device 
size. 

The proposed composite structure is illustrated in Fig. 3. A gold 
nanodisk with the thickness of 200 nm is placed 20 nm below the 
spiral surface. The gap in between the spiral and the nanodisk is filled 
with silicon dioxide (n = 1.5). The central portion of the structure 
forms an Au-Si0 2 -Au waveguide. To excite the waveguide, an elec- 
tric dipole is placed in the middle of the insulating layer with oscil- 
lation direction along z axis. As the thickness of the insulating layer is 
far below the diffraction limit, conventional guided modes cannot 
exist and the radiation field from the dipole will be transformed into a 
symmetric SPPs mode that is highly confined within the dielectric 
core. Inset of Fig. 4 shows the E z distribution in the middle transverse 
plane of the insulating layer for dipole emission wavelength of 
633 nm. The excitation of a guided mode with 190 nm wavelength 
can be clearly seen. The SPPs are guided through the slot opening to 
other side of the spiral antenna and then re -radiate into the free 
space. The wavelength of SPPs in the metallic waveguide decreases 
with decreasing thickness of the insulating layer. The effective wave- 
length of the SPP guided mode is designed to be about 190 nm, 
equivalent to the case of using ZnS substrate for fair comparison. 
Therefore, the parameters of the spiral antenna are kept unchanged. 
For phase matching between the insulating layer of the waveguide 
and the spiral slot, the filling material in the slot is replaced with Si0 2 . 
When the dipole is placed at the geometrical center of the spiral 
antenna, the emission peak is still normal to the spiral surface with 
high directivity (Fig. 5(a) and 5(b)). The FWHM of the radiation 
pattern along x and y axes are 1 1 .4° and 11.7°, respectively. Although 




Figure 3 | Diagram of the beam steering device consists of spiral 
plasmonic antenna and subwavelength metallic waveguide. The inset 
shows the cross section indicated by the dashed box. An electric dipole is 
imbedded in the middle of the insulating layer of the waveguide. The red 
arrow indicates the oscillation direction of the dipole. 
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Figure 4 | Line-scan of the E z distribution along the dashed line indicated 
in the inset. The inset shows the E z distribution in the middle transverse 
plane of the insulating layer. 

the dipole location (distance from Au/Si0 2 interface) is an important 
factor to influence the profile properties of the symmetric SPPs mode 
in terms of amplitude and wavelength 24 , a tiny shift of the dipole 
position in the transverse plane has negligible effect on SPPs wave- 
length, which is vital for obtaining a far-field radiation pattern with 
solid spot at the center 14 . Figure 5(c) and 5(d) show the line-scans 
along x axis for x- directional displacement of 50 nm and 100 nm, 
respectively. The radiation field maintains almost the same profile 



and angular width while steering away from the normal direction for 
8° and 17°, respectively. These steering angles are the same with the 
results shown in Fig. 2(c) and 2(d) because the wavelength of the 
SPPs collected by the spiral antenna are designed to be the same. 
It should be noted that the effective wavelength of the guided mode 
can be further reduced with different design parameters, leading to 
further enhanced steering sensitivity and smaller device aperture 
size. 

Besides the miniature size and high beam steering sensitivity, this 
composite beam steering device has an additional advantage of being 
more robust to the displacement of the feed point. For the design 
using ZnS, the peak intensity of the first side lobe rises to above 75% 
with respect to the main lobe at a displacement of more than 150 nm, 
leading to a distorted emission pattern (shown in Figure 2(g) and 
2(h)). Contrarily, the first side lobe peak intensity remains below 50% 
of the main lobe peak intensity even the displacement increases up to 
200 nm. This is because the phase distribution is better maintained 
in the waveguide even for the large displacement of the dipole, which 
is crucial to obtain a radiation pattern with good directivity. 
Figure 5(e) shows the angular radiation pattern in x-z plane when 
the dipole is displaced 200 nm away from the center along x axis. 
Despite the increase of one side lobe, the far-field radiation field is 
still dominated by the peak centered at —34°, corresponding to a 
steering angle of 34° that agrees with the theoretical prediction 
(31.2°). Figure 5 (f)-5(h) show the line-scans of the emission patterns 
along)/ axis for )/- directional displacements of 50 nm, 100 nm and 
200 nm, respectively. In this case, the emission is steered along y 
direction at 8°, 17° and 33°, respectively. 











Figure 5 | Angular radiation patterns for beam steering device consists of spiral plasmonic antenna and metallic waveguide with different 
displacements. For zero displacement: (a, b) line-scans in the x-z and y-z planes. For x-directional displacements of 50 nm, 100 nm and 200 nm: (c, d, e) 
line-scans in the x-z plane. For y-directional displacements of 50 nm, 100 nm and 200 nm: (f, g, h) line-scans in the y-z plane. 
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Discussion 

In conclusion, we designed and numerically studied a high sensitive 
beam steering device that combines a spiral plasmonic antenna with 
a subwavelength metallic waveguide. The guided mode in the metal- 
lic waveguide excited by an electric dipole imbedded in the insulating 
layer is coupled through the spiral plasmonic antenna and radiates 
into highly directional radiation in the far field. Due to the charac- 
teristics of the guided mode in the waveguide, SPPs with shorter 
effective wavelength can be excited propagating on the antenna sur- 
face, an effect that not only improves the sensitivity of the beam 
steering performance but also reduce the necessary aperture size of 
the spiral antenna. By introducing a small amount of the displace- 
ment of the dipole to the geometrical center of the spiral antenna, 
both theoretical calculation and numerical simulations demonstrate 
that wide angle beam steering can be realized. For a device consisted 
of a 2-turn spiral antenna and an Au-Si0 2 - Au waveguide with 25 nm 
Si0 2 thickness, steering ranges of +/— 8°, +/— 17° and +/— 34° are 
obtainable when the dipole is dynamically displaced from the center 
by +/— 50 nm, +/— 100 nm and +/— 200 nm, respectively, show- 
ing a steering sensitivity 10 times higher than the case reported 
previously due to both reduced device size and shorter SPP wave- 
length. Besides, the dimension of the device is reduced to only 42% of 
the previous design with only the spiral antenna. To achieve the real- 
time dynamic beam steering with the proposed device, the nanoscale 
emitters can be uniformly spin coated or dip coated inside the wave- 
guide and selectively excited, which are still within the capabilities of 
modern nanotechnology. One possible way is to selectively excite the 
emitters inside the waveguide electronically by moving a conductive 
cantilever to inject electrons locally. Alternatively, a transparent con- 
duction film (TCF) can be adopted to sandwich the emitters between 
a spiral antenna and a TCF. Due to the intriguing properties of TCF 
such as electrically conductive and optically transparent, the emitters 
embedded in the waveguide can be excited by laser beam from the 
side of the TCF. As a consequence, emitters in different areas can be 
excited by scanning the excitation locations, leading to a dynamically 
controlled emission direction. Such a miniature beam steering device 
may find applications in quantum optical information processing 
and integrated photonic circuits. 

Methods 

Simulation method. The full-wave simulations of the characteristics of the devices 
shown in Fig. 1 and 3 were performed using the radio frequency module of the 
commercial software COMSOL. The electric dipole is modelled by setting an electric 
point dipole with electric current dipole moment along the direction normal to the 
antenna surface (P z equals to 1 m A). The electric field distributions in the far field are 
calculated by the postprocessing available in COMSOL. 
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